ABSTRACT: Improving survival is a continuous objective in swine breeding. The aim of this study was to record 22 blood variables and BW gain on the first day of life in Landrace-Yorkshire-Duroc crossbred piglets and to find associations between these variables and survival at weaning. All live piglets from 18 litters were weighed and blood sampled at birth and on d 1 and were monitored to weaning at the age of 5 wk. A total of 261 piglets were born, of which 8.8% were stillborn. Additionally, 15.1% died before weaning. The blood variables glucose, immunoglobulins, and white blood cells increased from birth to d 1 (P < 0.001), whereas α 1 -and β 1 -globulin, red blood cells, hemoglobin, and hematocrit decreased (P < 0.001). At birth, concentrations of lactate (P = 0.004), pH (P = 0.007), red blood cells (P = 0.017), hemoglobin (P = 0.018), and hematocrit (P = 0.052) were associated with survival to weaning. Also, concentrations of lactate increased (P = 0.030) and pH decreased (P < 0.001) when piglets were born in the last third of a litter. On d 1, concentrations of glucose (P = 0.015), hemoglobin (P = 0.025), and BW gain (P = 0.001) were all decreased in piglets that did not survive to weaning. Body weight gain also decreased (P = 0.005) when piglets were born in the last third of a litter. Concentrations of IgG on d 1 was not associated with survival at weaning (P = 0.230) but decreased (P < 0.001) when piglets were born in the last third of a litter. We conclude that several blood variables recorded at birth and on d 1 and BW gain on d 1 were highly associated with survival at weaning and that piglets born in the last third of the litter had less favorable vitality.
INTRODUCTION
Improving survival is an ongoing objective in swine breeding (Leenhouwers et al., 2002; Vanderhaeghe et al., 2010; Olsen, 2011) . Hypoxia during birth is the major cause of stillbirth (Randall, 1972) , and severe hypoxia predisposes newborn piglets to delayed colostral uptake and increased neonatal mortality (Herpin et al., 1999; Alonso-Spilsbury et al., 2005) . Early colostral uptake is crucial for survival (Baxter et al., 2008) , and BW gain in neonatal piglets is positively correlated with survival at weaning (Czech et al., 2010) . Blood biochemical variables measured at birth may be indicators of hypoxia (Herpin et al., 1996; Trujillo-Ortega et al., 2007; van Dijk et al., 2008) , and hematological variables may be indicators of infection, stress, and anemia (Tietz, 1995; Tuchscherer et al., 2000; Sjaastad et al., 2010b) . Additionally, plasma proteins may be used as indicators of both inflammation and passive immunity. Plasma protein concentration is therefore an indirect measure of colostral uptake (Devillers et al., 2004) . There is a relative paucity of information in the literature on the assessment of hematology and clinical chemistry in relation to survival in newborn piglets. Therefore, the aims of this study were to record blood variables and BW gain through colostrum uptake the first day of life in live-born crossbred piglets and to determine the association of these variables with survival at weaning.
MATERIALS AND METHODS
The experimental protocol for this study did not require approval by the Norwegian Animal Research Authority due to an exception for such procedures (i.e., blood sampling) in the Norwegian regulations for animal testing (FOR 1996-01-15 No. 23, Regulation of animal testing, §2: Scope).
Animals
Landrace-Yorkshire sows were selected from a sow pool system. All originated from the same multiplier herd and were housed in a farm in the southeastern part of Norway. Of the 36 sows, 18 were randomly selected and divided into 2 groups: Landrace-Yorkshire × Landrace-Duroc (LYLD; n = 9) and Landrace-Yorkshire × Duroc-Duroc (LYDD; n = 9). Parity numbers of the sows in group LYLD were 1, 1, 1, 1, 1, 2, 3, 5, and 7. Parity numbers of the sows in group LYDD were 1, 2, 2, 2, 3, 3, 5, 5, and 8. Sows in group LYLD were inseminated with semen from Landrace-Duroc boars and sows in group LYDD were inseminated with semen from Duroc-Duroc boars. Semen was randomly assigned to the sows for assisted insemination. Except for 2 sows in group LYLD that were inseminated with heterospermic semen, all were inseminated with homospermic semen by the same technician during standing estrus twice at an interval of 24 h, with an insemination dose of 2.5 × 10 9 spermatozoa.
Management
All sows were kept individually and untethered in standard farrowing pens (7.0 m 2 ) with a piglet creep area (1.3 m 2 ) from 3 wk before expected farrowing until weaning. Each pen had a solid floor, except for a slatted drainage floor at one end of the pen (2.3 m 2 ). A commercial lactation diet (9.86 MJ of NE/kg, 8.26 g of lysine/kg) was offered to the sows as dry feed twice daily until 1 wk postpartum, when the feeding frequency was increased to 3 times daily. All sows were given approximately 0.2 kg of hay daily. Sows and piglets had ad libitum access to water. Newborn piglets had access to the heated piglet creep area, which was inaccessible to the sow and bedded with sawdust. The piglets were offered a commercial pelleted piglet dry feed (Kvikk 1, Felleskjøpet, Oslo, Norway) from 1 wk of age. The feed was offered on iron-enriched peat (Pluss Smågris-torv, Felleskjøpet Fòrutvikling, Trondheim, Norway) . Commercial husbandry procedures undertaken during d 1 included the attachment of an identification tag in the ear of each piglet, teeth grinding, and a 200-mg oral iron supplementation (Format, Felleskjøpet, Oslo, Norway) . Cross-fostering of 2 piglets within each boar group was performed on the day after birth to ensure a functional teat for each piglet.
Recorded Variables
First-and second-parity sows were grouped in parity group 1. Third-and greater-parity sows were grouped in parity group 2. The piglets were grouped in 3 categories according to birth order: first, mid, or last third of each litter.
Colostrum from 3 teats was pooled to make 10 mL at expulsion of the first and seventh piglet. The samples were frozen at −40°C and later analyzed for IgG with an in-house single radial immunodiffusion test kit (VMRD Inc., Pullman, WA). Means of IgG in first and second pooled samples were recorded. The piglets were recorded as alive or dead. Stillbirth was defined as a piglet born without respiration and no palpable heartbeats or pulsation in the umbilical cord as assessed by a veterinarian. Immediately postpartum, piglets were held in dorsal recumbency and 0.5 mL of blood was evacuated from vena jugularis externa/interna/communis using 2-mL plain syringes with 23-guage needles. Lactate, pH, and base excess were measured on a handheld i-STAT 200 portable clinical analyzer (Abbott Laboratories, Abbott Park, IL). Glucose was analyzed on a handheld glucometer (Bayer Breeze 2, Toronto, Canada). Blood (0.5 mL) was also collected in tubes containing EDTA as anticoagulant, stored at room temperature, and analyzed for hematological variables the following working day using an ADVIA 2120 hematology system with a multispecies system software (Siemens Medical Solutions Diagnostics Inc., Tarrytown, NY) and a speciesspecific setting for pigs. Next, plasma was separated by centrifugation at 2,000 × g for 10 min at 20°C. Total plasma protein was assayed with an ADVIA 1650 system (Siemens Medical Solutions Diagnostics Inc.) and its different fractions were separated by electrophoresis using Capillarys 2 (Sebia, Lisses, France).
Each piglet was weighed at birth on a scale with 10-g accuracy, according to the manufacturer (DS 160, Shanghai Teraoka Electronic Co. Ltd., Shanghai, China). All live piglets were weighed again 24 ± 8 h later, measured from midway of farrowing, and 0.5 mL of blood was sampled for measurement of glucose, hematological variables, and plasma proteins. Plasma was separated and frozen at −40°C for 3 mo until analysis of IgG concentrations. Values below the smaller detection limit of 3.8 g/L were defined as 0. Live piglets were registered at weaning.
Statistical Analysis
Initially, 1-way ANOVA was used to record and compare mean concentrations of IgG (g/L) in sow colostrum at birth in groups LYLD and LYDD, using the statistical software JMP 8 (SAS Inst. Inc., Cary, NC). Similarly, means of all 22 piglet blood variables were recorded and compared between groups LYLD and LYDD at birth using 1-way ANOVA. The same procedure was conducted for blood variables and BW gain at d 1. An ANOVA was also used to record and compare mean concentrations of blood variables at birth and d 1 within each group.
Separate analyses were conducted to determine possible correlations between the measured blood variables and BW gain and survival until weaning. In these analyses, both progeny groups were pooled in the ANOVA. Mean of blood variables at birth was compared between live-born piglets surviving to weaning and piglets that died during the rearing period. The same procedure was conducted for blood variables and BW gain at d 1.
For the outcome variables recorded at birth or d 1, which were associated with survival at weaning, separate GLM were used in Stata SE11 (xtmixed, StataCorp LP, College Station, TX). The explanatory variables birth order group, parity group, and litter size at birth were all simultaneously included in the GLM. Survival at weaning was forced into all models. Also, sow was included as a random effects variable to account for clustering at the sow level. Backward elimination procedure was employed, and explanatory variables with an association to the outcome variables yielding a P-value >0.10 were omitted in the final models. Overall statistical significance of the models was assessed by the type III F-test in Stata. Homoscedasticity and normality of the residuals were assessed using plots of standardized residuals. The outcome variable lactate was log-transformed to approximate normality of residuals. In all analyses, statistical significance was considered with a P-value <0.05.
RESULTS
In total, 261 piglets were born, of which 139 piglets belonged to group LYLD and 122 piglets belonged to group LYDD. In total, 8.8% of the piglets were stillborn and overall loss from birth to d 1 was 7.1%. Overall loss of live-born piglets from birth to weaning 5 wk later was 15.1%.
Concentration of IgG in colostrum of the sows in group LYLD was 61.5 ± 9.87 g/L and in group LYDD was 71.7 ± 10.47 g/L (P = 0.491). The mean time between sampling at birth and d 1 was 22 h in both groups (range: group LYLD, 16-32 h; group LYDD, 18-28 h).
Blood glucose, albumin, immunoglobulins (β 2 -and γ-globulin, IgG), and white blood cells all increased from birth to d 1 (P < 0.001) whereas α 1 -and β 1 -globulin, and red blood cells, hemoglobin, and hematocrit decreased (P < 0.001; Table 1 ).
At birth, mean blood concentrations of lactate were greater (P = 0.004) in live-born piglets that did not survive to weaning compared with those that did, as were concentrations of β 1 -globulin (P = 0.022). The pH (P = 0.07) and concentrations of albumin and α 2 -globulin (P = 0.003), β 2 -globulin (P = 0.049), red blood cells (P = 0.017), hemoglobin (P = 0.018), and hematocrit (P = 0.052) were decreased in piglets that did not survive to weaning compared with those that did. Base excess was not associated with survival (P = 0.150; Table 2 ). Means between columns at birth or d 1 differ (P < 0.05). a,c Means between columns at birth or d 1 differ (P < 0.01).
a,d
Means between columns at birth or d 1 differ (P < 0.001).
1
Values are mean ± SEM (number).
2
Comparison of all blood variables differed (P < 0.001) between birth and d 1 within both groups, except for eosinophils and basophils (data not shown).
At d 1, blood glucose (P = 0.015), hemoglobin (P = 0.025), α 2 -globulin, and BW gain (P = 0.001) were all reduced in piglets that did not survive to weaning. Blood concentrations of IgG at d 1 were not associated with survival (Table 3) .
When run in the GLM, parameter estimate of blood lactate at birth for piglets born in birth order group 2, parity group 2, and litter size 15 was 6.03 mmol/L for piglets that did not survive to weaning compared with 4.82 mmol/L for those that did. Parameter estimates of pH and base excess for piglets born in birth order group 2 and of any parity group and litter size were 7.20 and 2 mmol/L, respectively, for piglets that did not survive to weaning compared with 7.31 and 4 mmol/L, respec- tively, for those that did. Parameter estimate of IgG at d 1 for piglets born in birth order group 2, parity group 2, and of any litter size was 27.7 g/L for piglets that did not survive to weaning compared with 28.9 g/L for those that did. Parameter estimate of BW gain the first day of life for piglets in birth order group 2, any parity group, and litter size 15 was 0.00 kg for piglets that did not survive to weaning compared with 0.10 kg for those that did (Table 4) . Recorded blood concentrations of the other variables that were associated with survival at birth (albumin; α 2 -, β 1 -, and β 2 -globulin; red blood cells; hemoglobin; hematocrit; and neutrophils) were not associated with birth order group, nor were concentrations of glucose, α 2 -globulin, or hemoglobin at d 1 (data not shown).
DISCUSSION
Lactate is produced from glucose in the absence of oxygen and is therefore an indicator of hypoxic stress (Herpin et al., 1996 (Herpin et al., , 1999 van Dijk et al., 2008) . In this study, lactate concentration at birth was greater in piglets that did not survive to weaning, which is in accordance with a study in which severely hypoxic newborn piglets were found to be more vulnerable to being crushed by the sow shortly after birth (AlonsoSpilsbury et al., 2005) . Further, lactate concentration increased with birth order group. This indicates that piglets that are born in the last third of a litter are at increased risk of hypoxia, and is in accordance with the earlier results of Herpin et al. (1996) and van Dijk et (2006) . Interestingly, the outcome variable lactate required log transformation to obtain normality. Therefore, the increase in lactate concentration between each piglet born was not constant as litter size increased, but increased nonlinearly. This is also supported by other studies where preweaning survival is increased in piglets that are born early in the litter (Herpin et al., 1999; Tuchscherer et al., 2000; Pedersen et al., 2011) . Concentrations of lactate in tissue affect pH, which in the extracellular fluid of live mammals ranges from 6.9 to 7.8 (Sjaastad et al., 2010a) . Because only live-born piglets were included in this study, mean recorded pH was expectedly within this range. As for lactate, recorded pH was also associated with survival and birth order group. Base excess is also correlated with lactate but requires a somewhat longer time span than pH to be affected. This is supported by van Dijk et al. (2006) , who found that although pH and base excess in the umbilical artery were affected by birth order group, base excess was not affected by the condition of the umbilical cord at birth, in contrast to pH. In our study, base excess was not associated with survival and was only significantly reduced in birth order group 3 compared with 1 but not in birth order 2 compared with 1. Recorded base excess was also within the expected range during birth (Ross and Gala, 2002; van Dijk et al., 2008) . Piglets are born virtually without IgG (Prokesová et al., 1969; Martin et al., 2005) because of the placental function in this species (Senger, 2003; Butler et al., 2009) . The IgG in colostrum provides passive immunity for the piglet. Therefore, almost all plasma IgG at d 1 in this species originates from colostrum (Lecce and Morgan, 1962; Curtis and Bourne, 1973) . Concentrations of IgG are dependent on duration of suckling (Damm et al., 2002) . Time span from registrations at birth to d 1 varied by several hours and would consequently influence IgG uptake; this was not adjusted for. Interestingly, there was an association between birth order group and IgG at d 1 in that being born in the last third of the litter was less favorable. Nevertheless, IgG measured on d 1 was not associated with survival to weaning. This may reflect that an adequate IgG was provided in all piglets or that the association was not detected because of an insufficient number of piglets in this study. A greater concentration of IgG, total protein, β 2 -and γ-globulin, and neutrophils registered at d 1 protect against neonatal infections. Under other managerial conditions, with greater infectious challenges, a difference in survival to weaning may therefore have been registered, although infections are not the most common cause of mortality on the first day of life (Munsterhjelm et al., 2006) . Immunoglobulin G is commonly found in the γ fraction at electrophoresis (Eckersall, 2008) . Surprisingly, concentrations of IgG were greater than those of γ-globulin. The concentration was approximately 4 g/L greater for IgG than for γ-globulin. This difference was of the same magnitude as the acquired difference in β 2 -globulin at d 1 and indicates that IgG is also found in the β 2 fraction at electrophoresis, as suggested by Eckersall (2008) .
In this study, total blood protein measured at birth was within the same range as previously reported (Martin et al., 2005) . Albumin at birth, the α 2 -globulin at both time points, and β 1 -globulin at birth were all associated with survival to weaning. Many interesting acute-phase proteins lie within these protein fractions, but the interpretation of this is unclear.
Piglets are born with a physiologically reduced hemoglobin concentration and with hemoglobin in utero structurally similar to that in adult pigs (Novy et al., 1973; Sjaastad et al., 2010b) . Hemoglobin is located within red blood cells and carries oxygen throughout the body. Natural iron uptake through soil is impeded in modern swine production. Further, selective breeding for greater BW gain and increased litter size may also contribute to anemia as a managerial condition in commercial pig farms. Routine prophylactic treatment is consequently essential for the fast-growing piglet. In this study, greater hemoglobin at birth and d 1 was associated with increased survival at weaning, which may be supported by Lauterbach et al. (1987) .
Piglets that survived to weaning had a greater BW gain the first day of life than piglets that did not survive. In piglets, early BW gain is positively correlated with birth weight (Johansen et al., 2004; Beaulieu et al., 2010; Muns et al., 2011) . Similarly, as for lactate and IgG, piglets born in the last third of the litter had the least favorable BW gain. Body weight gain is an accepted indicator of well-being and vitality of neonates of many species. Our finding of no BW gain in the group of piglets that eventually died supports this, as does data found in other studies where birth weight was found to be positively correlated with postpartum survival (Tuchscherer et al., 2000; Milligan et al., 2002; Devillers et al., 2004) . Whether no BW gain from birth to d 1 is the primary cause for not surviving or a secondary finding of an underlying cause is not clear. The physiology of pigs is close to that of humans in many areas (Dodds, 1982; Hannon et al., 1990) . However, BW gain the first day of life as an indicator of survival in pigs, as in many other litter-bearing mammals, contrasts the situation in human newborns where BW loss the first day of life is considered normal.
The sows in this study were crossbreds of the same breeds and were housed under the same managerial conditions. Blood sampling of the piglets was performed by the same method, which contributes to standardized blood biochemistry and hematology measurements (Wilson et al., 1972; Dubreuil et al., 1990; Couret et al., 2009 ). Although only a few biochemical variables were recorded in this study in addition to hematological variables and distribution of plasma proteins, previous research shows that the chosen blood variables are relevant indicators for the most common causes of stillbirth and neonatal death in pigs: hypoxia and im-paired colostral uptake (Randall, 1972; Tuchscherer et al., 2000; Pedersen et al., 2011) . Blood sampling was performed immediately postpartum, although the association with survival was not drawn until weaning 5 wk later, because this time is commonly used in sow production and marks the end of the neonatal period. Also, the majority of neonatal losses are reported to occur the first few days of life (English and Morrison, 1984; Rudd and Marchant, 1995; Pedersen et al., 2011) , as supported by this study, where one-half of the neonatal losses had occurred by d 1. The overall number of stillbirths and neonatal losses in this study was in accordance with results from other studies (TrujilloOrtega et al., 2007; Ingris Animalia Norsvin, 2011; Pedersen et al., 2011) .
The results of this study show associations between several blood variables recorded at birth and d 1 for piglets that survive to weaning compared with those that do not survive. Association was also found for BW on the first day of life. Additionally, piglets that were born in the last third of a litter had unfavorable hypoxia and colostral uptake, although concentrations of IgG were not associated with survival.
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